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C. High temperature corrosion 
C. Internal oxidation 
A B S T R A C T   
The influence of Cr and Al content on the oxidation behaviour of FeCr(Al) model alloys after breakaway 
oxidation at 600 ◦C and the underlying mechanisms were investigated in detail with thermogravimetrical 
analysis (TGA), thermodynamic calculations and advanced electron microscopy. The results showed that a Cr- 
content of ≥18 wt% drastically reduced the growth rate of the Fe-rich oxide scale, formed after breakaway 
oxidation, for FeCrAl alloys but not for FeCr alloys. This was attributed to the ability of the Fe(18-25)CrAl alloys 
to prevent internal oxidation, which enables the formation of a healing layer.   
1. Introduction 
High temperature corrosion is an issue present in many applications, 
which often negatively impacts the efficiency of the involved processes 
and generally increases the maintenance costs due to accelerated ma-
terial degradation. Chromia-forming stainless steels are often used in 
various corrosive environments to prevent rapid material degradation, 
attributed to the formation of a protective Cr-rich M2O3 oxide ((Cr, 
Fe)2O3). The material will display excellent corrosion protection at 
medium high temperatures, e.g. 600 ◦C, if the Cr-rich oxide scale re-
mains intact. However, some high temperature applications generate 
corrosive species that result in a very corrosive environment, which can 
cause the protective oxide scale to break down. One example of such an 
application is biomass- and waste-fired boilers where the combustion 
release high levels of water vapour and alkali chlorides. In the presence 
of these compounds the (Cr, Fe)2O3 oxide scale may be depleted in Cr 
through two separate mechanisms: In the presence of alkali compounds, 
Cr depletion takes place due to the formation of alkali chromates [1–3]; 
In the presence of water vapour, Cr depletion is caused by evaporation of 
chromium oxy hydroxide (CrO2(OH)2) [4–7]. Both of these mechanisms 
eventually cause the protective (Cr, Fe)2O3 oxide to break down, which 
is followed by the formation of a faster growing multi-layered Fe-rich 
oxide scale. This phenomenon is generally referred to as breakaway 
oxidation. Previous research on breakaway oxidation of Fe-based alloys 
in a wide range of harsh conditions (at 600-650 ◦C) has shown that a 
similar type of Fe-rich oxide scale is formed, regardless of the 
environment [8–15]. 
A possible solution to prevent breakaway oxidation is to use alumina- 
forming alloys, i.e. FeAl or FeCrAl alloys, with the ability to form Al-rich 
M2O3 oxide scales at elevated temperatures. FeCrAl alloys are 
commonly used at higher temperatures than chromia-forming stainless 
steels since they are able to form an α-alumina scale above approxi-
mately 900 ◦C, which has a very high corrosion resistance [16–18]. 
However, at lower temperatures the α-alumina formation is very slow 
and the corrosion protection of the alloy may therefore depend on a 
transient alumina scale [19]. The transient alumina scale generally 
contains significant amounts of Fe and Cr which may negatively influ-
ence the resistance to alkali compounds and water vapour [20]. 
Accordingly, the protective oxide scale of commercial FeCrAl alloys has 
been shown to break down in the presence of alkali chlorides at 600 ◦C, 
which is followed by the formation of a fast growing Fe-rich oxide scale 
[21]. Pre-oxidation of FeCrAl alloys above 900 ◦C to pre-form an 
α-alumina has been shown to improve the corrosion resistance of the 
alloy by extending the time before the loss of the protective oxide scale 
in these harsh environments. However, due to the sensitivity to flaws 
and defects in these alumina scales, breakaway oxidation has been 
observed even for the pre-oxidized samples [22,23]. Thus, relying on the 
formation of a thin protective oxide scale which can withstand these 
harsh environments may not be a viable option. A different approach 
was recently investigated by Persdotter et al. [24] in which two different 
corrosion regimes were distinguished: Primary (Cr- and/or Al-rich M2O3 
oxide scale(s)) and Secondary (multi-layered Fe-rich oxide scales) 
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corrosion regimes. Contrary to the majority of the literature on high 
temperature corrosion that study focused on the secondary corrosion 
regime (i.e. the oxide scale formed after breakaway oxidation) and the 
possibility of improving the corrosion resistance of the Fe-rich oxide 
scale. The study showed that varying the amounts of Cr and Al in the 
FeCrAl alloys significantly influence the growth kinetics of the Fe-rich 
oxide scale. Increasing Cr content was shown to drastically reduce the 
growth rate of the Fe-rich oxide scale for FeCrAl alloys but not for FeCr 
alloys. This indicates a synergistic relationship between Cr and Al in the 
Fe-rich oxide scale. Increasing Al content was also shown to significantly 
reduce the growth rate of the Fe-rich oxide scale but only for FeCrAl 
alloys that exceeds a Cr content of 18 wt%. The mechanism(s) behind 
these observations are not fully understood but would be of great 
importance both from the perspective of material development as well 
as lifetime predictions for materials used in harsh environments. 
The aim of this study is to increase the understanding of the influence 
of Cr and Al on the secondary corrosion protection of FeCr(Al) alloys 
(the Fe-rich oxide scale formed after breakaway oxidation). This was 
done by exposing FeCr(Al) model alloys, with varying Al and Cr content, 
in the presence of K2CO3 in order to rapidly break down the primary 
protection with limited influence on the secondary protection. K2CO3 
has previously been reported to react with Cr-rich corundum type oxide 
to rapidly initiate breakaway oxidation [1,25–28]. The oxide scales 
formed in the secondary corrosion regime were analysed using Scanning 
Electron Microscopy (SEM) for general overview while specific features 
were analysed using Transmission Electron Microscopy (TEM). Energy 
dispersive X-ray spectroscopy was used for chemical analysis both in the 
SEM and TEM. In addition, the Calphad (CALculation of Phase 
Diagrams)-based software Thermo-Calc was used to calculate phase di-
agrams, relevant for the investigated alloys, aiding the interpretation of 
the microstructural analysis. 
2. EXPERIMENTAL 
2.1. Sample preparation 
Three matrices of FeCr(Al) alloys with varying Cr and Al content 
were used in this study (compositions are shown in Table 1). The sam-
ples were cut into coupons with a dimension of 10 × 8 × 2 mm and a 
hole (1.5 mm in diameter) was drilled in the upper part of the coupons 
(for hanging the sample in the thermobalance). The samples were heat 
treated at 950 ◦C for one hour to achieve a more even grain size distri-
bution (see Table 1) as well as to relax elongated grains in the bulk. Prior 
to exposure, the sample coupons were ground with SiC paper from P500 
to P4000 and were finally polished down to 1 μm with diamond sus-
pensions until a mirror-like surface was achieved. 
2.2. Exposure 
Prior to exposure, 1 mg/cm2 K2CO3 was deposited onto the surface in 
order to break down the primary corrosion protection of the alloys in the 
initial stage of the exposures. The K2CO3 was deposited onto the samples 
by spraying a water solution saturated with K2CO3. A continuous flow of 
warm air was directed towards the sample during the spraying in order 
to evaporate the solution upon impact with the sample surface and to 
facilitate an even distribution of the salt. The deposited salt was weighed 
using a SartoriusTM balance with microgram resolution. The samples 
were exposed isothermally in a Setaram Setsys Evolution TGA system in 
5% O2 + N2 (bal.) at 600 ◦C for 48 hours. The total flow rate during the 
exposures was 1.5 cm/s (at 600 ◦C). 
2.3. Analysis and calculations 
Cross sections of the exposed samples were prepared by first 
attaching thin silicon wafers onto the surfaces of the samples using glue. 
The glue was dried for about 24 hours before dry cutting the samples 
with a low speed diamond saw. The cross sections were milled using 
broad ion beam (BIB) milling with a Leica TIC 3X instrument to achieve 
a smooth surface for more accurate analysis. The three argon guns of the 
BIB instrument were operated at 8 kV for 6-10 hours. 
The cross sections were analysed by means of SEM (imaged with 
backscattered electrons (BSE) mode) and energy dispersive X-ray spec-
troscopy (EDX) with an accelerating voltage of 10-20 kV using an FEI 
Quanta 200 equipped with an Oxford Instruments X-MaxN 80 T EDX 
detector. For images with higher spatial resolution a Leo ULTRA 55 FEG 
SEM was used (using ESB detector) with an accelerating voltage of 2 kV. 
Transmission electron microscopy (TEM) was used to analyse the 
oxide scales in further detail. An FEI Titan 80-300 TEM equipped with an 
Oxford X-sight EDX detector for chemical analysis was used in this work. 
The microscope was operated both in conventional TEM mode as well as 
Scanning TEM (STEM) mode, at an accelerating voltage of 300 keV. 
High-Angle Annular Dark Field (HAADF) images were captured using 
the STEM imaging mode. The STEM/EDX quantification is reported in 
cationic percent (in at%) assuming stoichiometric oxides, due to large 
errors associated with oxygen quantification in EDX analysis. The 
quantification was performed in the TIA software using thickness 
correction with density 5-7 g/cm3 and an estimated lamella thickness 
(d) of 100-250 nm, chosen by chemical quantification in the known 
reference material of the investigated TEM lamella. Convergent beam 
electron diffraction (CBED) was performed on selected areas as a com-
plement to the STEM analysis for phase determination. 
The TEM lamellae were prepared by Focused ion beam (FIB) milling 
using an FEI Versa3D LoVac DualBeam, equipped with a Ga liquid metal 
ion source (LMIS), a Gas Injection System for pt deposition and an 
Omniprobe needle for lift-out of thin TEM lamellae. The instrument was 
operated in high vacuum mode at 30 keV, with varying beam currents 
(30 pA - 30 nA) throughout the lift-out procedure. The lift-out was 
performed from BIB-milled cross sections to facilitate the localization of 
a representative region as well as to minimize the difference in lamella 
thickness (wedge effect) throughout the oxide scale. 
Isothermal (600 ◦C) binary phase diagrams (pO2 vs cationic con-
centration (at%) Cr (Cr/(Cr + Fe + Al))) were produced using the 
Calphad-based software Thermo-Calc. The phase diagrams were calcu-
lated at different fixed Al-contents using the oxide database TCOX10. 
The phase diagrams were used in combination with the microstructural 




The oxidation properties of all included model alloys in dry oxygen 
(primary regime) have previously been investigated [24]. All alloys, 
except the low-alloyed Fe2.25Cr, formed thin slow-growing oxide scales 
indicating a primary protection. Exposure in the presence of K2CO3 
Table 1 
Nominal composition and alloy grain sizes of model FeCr(Al) alloys used in this 
study.  
Alloy name Fe [wt%] Cr [wt%] Al [wt%] Alloy grain size [μm] 
Fe2.25Cr Bal. 2.25 0 - 
Fe10Cr Bal. 10 0 - 
Fe18Cr Bal. 18 0 150 
Fe25Cr Bal. 25 0 - 
Fe18Cr0Al Bal. 18 0 150 
Fe18Cr1Al Bal. 18 1 280 
Fe18Cr3Al Bal. 18 3 400 
Fe5Cr3Al Bal. 5 3 500 
Fe10Cr3Al Bal. 10 3 650 
Fe18Cr3Al Bal. 18 3 400 
Fe25Cr3Al Bal. 25 3 350  
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resulted in rapid breakaway oxidation for all alloys, i.e transition from 
the primary to the secondary corrosion regime. The most representative 
kinetic behaviour for each alloy in the presence of K2CO3 is shown in 
Fig. 1. It is possible to distinguish two main groups of oxidation kinetics, 
i.e. fast and slow corrosion rates (and one intermediate, for Fe18Cr1Al). 
Thus, the different alloy compositions may provide poor or good sec-
ondary corrosion protection after breakaway oxidation. Despite of small 
differences in the behaviour within the different groups of alloys, the 
general interpretation of the oxidation kinetics will be considered 
similar within each group (fast- or slow-growing oxide scales) when 
discussing the mechanisms behind the observations. 
The alloys displaying a poor secondary protection, i.e. Fe2.25Cr, 
Fe10Cr, Fe18Cr, Fe5Cr3Al and Fe10Cr3Al, showed very similar oxida-
tion kinetics, resulting in a final mass gain within the range 5.5-5.9 mg/ 
cm2 after 48 hours of exposure. Two alloys (Fe10Cr and Fe18Cr) dis-
played an incubation time before breakaway (1 hour and 4 hours, 
respectively). However, these alloys have mass gains in the same range 
as the other alloys (that formed fast-growing oxide scales) suggesting 
that the relatively short incubation times did not significantly influence 
the final mass gain. All the alloys with poor secondary corrosion pro-
tection displayed rapid initial growth before transitioning into parabolic 
growth (except Fe18Cr) after about 2 hours with kp values ranging from 
0.5-0.9 mg2 cm-4 h-1 (varied over time). 
The alloys displaying a good secondary corrosion protection, i.e. 
Fe18Cr3Al and Fe25Cr3Al, showed similar oxidation kinetics and 
reached final mass gains ranging from 0.1-0.75 mg/cm2 after 48 hours 
of exposure. However, the behaviour in the initial stages of the sec-
ondary corrosion regime differed for these two alloys. Fe18Cr3Al 
initially displayed a linear behaviour (for about an hour), while 
Fe25Cr3Al exhibited a logarithmic behaviour (for about 5 hours). Both 
alloys then transitioned into sub-parabolic behaviour. The order of 
parabolicity, i.e. the exponent in the relationship mα∝t (ɑ = 2 for 
parabolic growth), was higher for Fe25Cr3Al (ɑ = 5) than for Fe18Cr3Al 
(ɑ = 3). 
Fe18Cr1Al displays an intermediate behaviour and may not be 
included in either of the groups mentioned above. Initially, it reached a 
relatively linear behaviour (ɑ = 1.2) which was maintained during the 
rest of the exposure. The slope is moderate and thereby has formed a 
significantly slower growing oxide scale (better secondary corrosion 
protection) than the alloys with poor secondary corrosion protection 
after 48 hours. However, no transition into sub-parabolic behaviour was 
observed during the 48 hours of exposure. 
3.2. Microstructural investigation 
The oxide scale microstructure was investigated by SEM/EDX on BIB 
milled cross sections and TEM/STEM/EDX on selected samples. All the 
alloys exposed in the presence of K2CO3 formed relatively homoge-
neously thick oxide scales after 48 hours exposure. 
3.2.1. Fast-growing oxide scales 
All the fast-growing (poorly protective) oxide scales displayed very 
similar microstructures, composed of outward-growing Fe-oxide and 
inward-growing mixed (Fe,Cr,Al) oxide, see e.g. Fig. 2a and [24]. The 
inward-growing oxide scale consists of alternating dark and bright re-
gions (see Fig. 2a) which are suggested to be remnants from internal 
oxidation observed on the majority of the samples (exception: 
Fe2.25Cr). The chemical composition of the inward-growing scale var-
ied for the different alloys while the oxide thicknesses (i.e. growth rate) 
and microstructure were similar. One of the alloys, Fe10Cr3Al, was 
chosen for detailed microstructural analysis, to represent the general 
oxide scale microstructure of the group of alloys exhibiting a poor sec-
ondary corrosion protection. The investigation of this oxide scale was 
then compared to the microstructure of the more protective oxide scales 
formed on the Fe18Cr3Al and Fe25Cr3Al alloys. Fig. 2a shows the oxide 
scale formed on Fe10Cr3Al after 48 h of exposure. The oxide scale was 
observed to be approximately 50 μm thick and consisted of an 
outward-growing Fe oxide scale (~30 μm) and an inward-growing 
mixed (Fe, Cr, Al) oxide scale (20 μm thick), resulting in an out-
ward/inward ratio of 60/40. The outward growing oxide scale was 
bi-layered, interpreted to be comprised of an outer hematite (Fe2O3) 
layer (~3 μm) and an inner magnetite (Fe3O4) layer (~27 μm). The 
inward-growing oxide scale consisted of segments of darker contrast 
which reoccurred periodically throughout the scale. The frequency of 
alternations of bright and dark segments was gradually reduced when 
approaching the scale/metal interface. At the scale/metal interface, a 
zone of internal oxidation was observed. The microstructure suggests it 
to be internal oxidation. Bagas et al. [29] and Jonsson et al. [9] has 
Fig. 1. Oxidation kinetics for FeCr(Al) model alloys during 48 hours isothermal exposures to 5% O2 + N2 (bal.) in the presence of K2CO3 at 600 ◦C (secondary 
corrosion regime). Two different types of behaviour can be distinguished, fast-growing and slow-growing oxide scales (and one intermediate (Fe18Cr1Al). The 
Fe10Cr3Al alloy is chosen to represent the fast-growing oxide scales. 
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previously reported a miscibility gap in the Fe-Cr spinel at 600 ◦C. The 
equilibrium calculations in addition predicts that Cr-rich spinel pre-
cipitates form internal oxides surrounded by a Cr-depleted non-oxidized 
metal matrix. This was confirmed by STEM/EDX analysis across the 
zone, showing oxidized regions in a non-oxidized, highly Fe-enriched 
(90-100 at% Fe) metal matrix. This type of internal oxidation should 
be distinguished from the type of internal oxidation in which pre-
cipitates of chromia or alumina are segregated in a Cr/Al-depleted alloy 
matrix which tend to be stable at lower pO2. 
The inward-growing oxide was further investigated by STEM/EDX 
(see Fig. 2b). The lift-out position for the TEM lamella is indicated in 
Fig. 2a and the corresponding EDX line scan data (from L1 to L2) is 
Fig. 2. a) SEM-BSE image of the oxide scale formed on Fe10Cr3Al after exposure to 5% O2 + 75% N2 in the presence of K2CO3 at 600 ◦C for 48 hours. b) STEM/EDX 
line scans of the inward-growing oxide (see marking L1-L2). Quantification is performed in the TIA software using thickness correction with parameters 
ρ = 5, d = 100 nm. 
Fig. 3. a) STEM-HAADF image of part of the inward-growing oxide scale formed on Fe10Cr3Al after exposure to 5% O2 + 75% N2 in the presence of K2CO3 at 600 ◦C 
for 48 hours. b-c) CBED patterns (zone axis 110) of the inward-growing oxide in the porous region (b) and dense region (c), indexed to be of spinel type. 
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shown in Fig. 2b. The STEM/EDX analysis showed that the porous region 
contained an average of 45 at% (40-50) Fe, 30 at% (15-50) Cr and 15 at 
% (15-35) Al, whereas the dense region contained an average of 65 at% 
(50-80) Fe, 22 at% (10-40) Cr and 14 at% (10-16) Al. Thus, the quan-
tified Al content was considered homogeneous throughout the inward- 
growing scale in both type of regions, while the porous regions were 
slightly enriched in Cr and depleted in Fe. The Cr and Al contents in the 
dense region are in good agreement with the composition measured by 
SEM/EDX. However, it is to be noted that porosity makes the quantifi-
cation difficult, especially for light elements such as Al. A thin-foil 
correction was used assuming a thickness of 100 nm, which may over-
estimate the amount of Al in the porous regions. Thus, it is probable that 
the Al concentration in the porous region is lower than what is measured 
in the STEM/EDX analysis. 
Fig. 3a shows the difference in microstructure of the alternating 
dense and porous regions present in the inward-growing oxide scale in 
higher magnification. STEM/EDX analysis across the pores (not shown) 
also confirms the porosity by a significantly reduced X-ray count rate in 
the darker areas and only background noise detected in the black areas. 
The oxide grain size was measured to be in the range of 30-100 nm in 
both regions. Convergent beam electron diffraction (CBED) was used to 
determine the crystal structures of the dense and porous oxide regions. 
Fig. 3b-c shows CBED patterns from both regions, indexed as spinel 
oxides with the zone axis [110]. 
3.2.2. Slow-growing oxide scales 
The microstructure of the slow-growing oxide scales (good second-
ary protection) formed on Fe18Cr3Al and Fe25Cr3Al were analysed in 
detail with SEM and TEM, see Figs. 4 and 5. The general microstructure 
was multi-layered, consisting of outward-growing Fe oxide and an 
inward-growing mixed (Fe, Cr and Al) oxide, i.e. similar to the alloys 
exhibiting a poor secondary corrosion protection. However, the oxide 
scale thicknesses on both of these alloys were drastically reduced in 
comparison to the alloys that formed fast-growing oxide scales. 
The Fe18Cr3Al alloy exhibited a total oxide scale thickness of 3- 
4 μm, see Fig. 4a, with an outward-growing oxide scale of 2-2.5 μm and 
an inward-growing oxide scale of 1-1.5 μm, resulting in an outward/ 
inward ratio of ~65/35. The outward-growing oxide scale was observed 
to be bi-layered, interpreted to consist of an outer hematite (Fe2O3) layer 
(300-400 nm) and an inner magnetite (Fe3O4) layer (~2 μm). The in-
ward growing oxide scale consisted of an upper layer with darker 
contrast and a lower brighter layer in the SEM image (see Fig. 4a). 
It was also observed that voids had formed close to the oxide/metal 
interface, see Figs. 4a and 5 b. The microstructure and chemical 
composition of the inward-growing oxide scale was investigated in 
detail by TEM (see Figs. 4 and 5). The lift-out position for the TEM 
lamella is indicated in Fig. 4a and the corresponding EDX line scan data 
(from L1 to L2) is shown in Fig. 4b. The chemical composition of the 
inward-growing oxide scale formed on Fe18Cr3Al (see Fig. 4b) is uni-
form and displayed a highly elevated Cr content of about 70 at% while 
its Al content was ranging from 15-25 at% (in average 15 at%). A 
depletion zone of Cr was also detected at the scale/metal interface to a 
depth of approximately 1 μm into the alloy. CBED confirmed the pres-
ence of spinel oxide in the inward-growing oxide scale, see indexed 
diffraction pattern in Fig. 5d. However, the large amounts of Cr + Al 
present in this oxide scale indicate a more complex microstructure, 
possibly consisting of several phases, and further detailed investigations 
are required to fully reveal the complex microstructure in this region. 
The microstructural investigation of the inward-growing oxide scale 
(see Fig. 5a) suggests that the upper part is slightly more porous than the 
lower part. This would explain the darker contrast observed in the SEM. 
However, the investigation indicates that the oxide is affected 
throughout all of the inward-growing oxide scale, i.e. composed of 
elongated (20-100 nm) brighter regions, see Fig. 5c. It should also be 
noted that the TEM imaging showed indications of very small (5-15 nm) 
oxide grains or small domains in the inward-growing scale. However, in 
order to confirm this observation, further investigations are required. 
The results from the SEM and TEM analysis of the Fe25Cr3Al alloy 
are shown in Figs. 6 and 7. The total oxide scale thickness was measured 
to be approximately 3.5 μm (see Fig. 6a) with an outward-growing oxide 
of about 2.5 μm and an inward-growing oxide of about 1 μm, resulting in 
an outward/inward ratio of ~70/30. In similarity to the Fe18Cr3Al 
alloy, voids were observed close to the scale/metal interface. It should 
be noted that a potassium- and Fe-rich phase was observed on top of the 
oxide scale. This is interpreted to be potassium ferrate from STEM/EDX- 
data, but not phase determination was performed for this phase. 
The microstructure and chemical composition of the inward-growing 
oxide scale were investigated in detail by TEM/STEM/EDX (see Figs. 6 
and 7). The lift-out position for the TEM lamella is marked in Fig. 6a and 
the results from the corresponding EDX line scan (from L1 to L2) is shown 
in Fig. 6b. The chemical composition of the inward-growing oxide scale 
is uniform displaying an elevated Cr content of about 70-80 at% and an 
Fig. 4. a) SEM-BSE image of the oxide scale formed on Fe18Cr3Al after exposure to 5% O2 + 75% N2 in the presence of K2CO3 at 600 ◦C for 48 hours. b) STEM/EDX 
line scans of the inward-growing oxide scale and approximately 1 μm into the alloy (see marking L1-L2). Quantification is performed in the TIA software using 
thickness correction with parameters ρ = 7, d = 200 nm. 
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Fig. 5. a-c) TEM-BF images of the inward-growing oxide scale formed on Fe18Cr3Al after exposure to 5% O2 + 75% N2 in the presence of K2CO3 at 600 ◦C for 
48 hours. d) CBED pattern (zone axis 110) of the inward-growing oxide scale, indexed to be of spinel type. 
Fig. 6. a) SEM-BSE image of the oxide scale formed on Fe25Cr3Al after exposure to 5% O2 + 75% N2 in the presence of K2CO3 at 600 ◦C for 48 hours. b-c) TEM- 
HAADF image and STEM/EDX line scans of the inward-growing oxide scale and approximately 3 μm into the alloy (see marking L1-L2). Quantification is performed in 
the TIA software using thickness correction with parameters ρ = 7, d = 250 nm. 
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Al content ranging from 10-20 at%, in similarity to the oxide formed on 
the Fe18Cr3Al. A depletion zone of Cr was also observed at the scale/ 
metal interface on the Fe25Cr3Al alloy, approximately 0.5-1 μm deep 
into the alloy (see Fig. 6b). The TEM diffraction (CBED) shows the 
presence of Cr-rich corundum type oxide in the inward-growing oxide. 
However, as for the Fe18Cr3Al, it is possible that there are local phase 
variations, due to the small size of the analysed volume using CBED, as 
well as the challenge experienced when obtaining diffraction patterns 
from many different regions. It should also be noted that the micro-
structural investigation showed indications of very small oxide grains or 
small domains of approximately 5-15 nm, similar to the inward-growing 
oxide scale formed on Fe18Cr3Al. However, this observation needs 
further investigation to be confirmed. 
3.3. Thermodynamic calculations 
Isothermal phase diagrams were calculated at different fixed con-
centrations of Al (0 at%, 6 at% and 15 at%) to facilitate the interpre-
tation of the complex oxide scale microstructure, see Fig. 8. The fixed 
concentrations of Al were chosen to aid the interpretation of the FeCrAl- 
O system when increasing the amount of Al. Note that the Al 
concentrations are including oxygen in phase regions including oxides 
and should not be considered the cationic concentration of Al. The 
selected Al concentrations can therefore not be directly correlated to the 
detected amount in the inward-growing oxides scales formed on the 
investigated FeCr1Al (5-6 at% Al) and FeCr3Al (15 at%) model alloys. 
However, the changes in the phase diagrams upon the addition of Al give 
valuable information about differences in driving forces for FeCr and 
FeCrAl alloys. The equilibrium calculations can also give insights into 
what phases are stable after the rapid initial oxidation. This work fo-
cuses on the corrosion front, i.e. where pO2 is relatively low (10-30 -10-15 
atm). In the absence of Al (see Fig. 8a-b), four different phase regions can 
be distinguished at pO2 in the range of 10-25 - 10-15 atm, namely SFe, 
(SFe+ SCr), SCr and (SCr+CCr). SFe and SCr represents Fe-rich and Cr-rich 
spinel respectively and CCr represents a Cr-rich corundum type oxide. 
Note that the subscripts are used to simplify the interpretation of the 
phase diagram and that the composition of phases with the same 
subscript may vary between different phase regions. Fig. 8a shows the 
binary FeCr phase diagram with the three first phase regions (SFe, (SFe+
SCr), SCr) being stable at 0-67 cationic% Cr while the fourth phase region 
(SCr+CCr) is stable at 67-100 cationic% Cr. At a lower pO2 (10-30 - 10-25 
atm) the thermodynamic calculations predict the phase region 
Fig. 7. a) STEM-HAADF image of the oxide scale formed on Fe25Cr3Al after exposure for to 5% O2 + 75% N2 in the presence of K2CO3 at 600 ◦C for 48 hours. b-c) 
TEM-BF images showing b) a void formed in the alloy near the M/O interface and c) the alloy and oxide layers. d) CBED pattern (zone axis 421) of the inward- 
growing oxide scale, indexed to be of corundum type. 
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(BCCFe+SCr) to be stable at 0-67 cationic% Cr while (SCr+CCr) is stable at 
67-100 cationic% Cr. The phase region (BCCFe+SCr) represents the in-
ternal oxidation zone in which Cr-rich spinel precipitates are dispersed 
in a Cr-depleted alloy matrix. 
The region marked by the green rectangle in Fig. 8a is plotted for the 
fixed Al-contents 0, 6 and 15 at% in Fig. 8b-d. The grey regions indicate 
the internal oxidation zone (BCCFe+SCr). The thermodynamic calcula-
tions indicate that increasing the Al concentration in the FeCr-O system 
divides the internal oxidation zone (BCCFe + SCr) into two different types 
of internal oxidation zones, i.e. the two-phase type (BCCFe+SCr) and a 
three-phase type (BCCFe + SCr + CAl). In addition, the (SCr+CCr) region is 
divided into the two and three-phase regions (SCr+CAl) and 
(SCr+CAl+CCr). The stability range (Cr concentration) for the internal 
oxidation zone (BCCFe + SCr) is reduced with increasing Al concentra-
tion (the highest Cr concentration at which it is stable is indicated by the 
blue dashed lines in Fig. 8b-d). The internal oxidation zone is stable at up 
to 67 cationic% Cr with 0 at% Al while it is only stable at up to 32 
cationic% Cr when the system contains 15 at% Al. Simultaneously, the 
Cr concentration at which a transition into a two or three-phase region 
where spinel oxide is in equilibrium with a Cr-rich corundum type oxide 
is reduced with increasing Al-content. 
4. Discussion 
Breakaway oxidation is a widely known phenomenon within the 
high temperature corrosion field. This often results in high material 
degradation and is in some cases considered the end of the lifetime of a 
material. While the majority of literature is focusing on understanding/ 
preventing breakaway oxidation to improve the primary protection of 
the alloys, this paper is focused on understanding the influence of 
alloying elements on the corrosion behaviour of FeCr(Al) alloys in the 
secondary corrosion regime, i.e. after breakaway oxidation. The oxide 
scale microstructure of Fe-based alloys after breakaway oxidation at 
medium high temperatures (about 600 ◦C) has in many cases been 
shown to consist of a fast-growing Fe-rich multi-layered oxide scale [16, 
30]. This scale can typically be divided into an outward-growing 
Fe-oxide and an inward-growing spinel [8–15]. Persdotter et al. [24] 
recently showed that the growth rate of this type of oxide scale could be 
significantly reduced upon addition of combinations of Cr, Al and Ni. 
The thermogravimetrical analysis (TGA) of the FeCr(Al) alloys 
included in this study clearly shows a rapid transition into breakaway 
oxidation and the secondary corrosion regime, see Fig. 1. In addition, 
the oxidation kinetics shows that the alloys exhibit two different kinetics 
within the secondary regime. All FeCr alloys (Cr-content of 2.25-18 wt 
%) and FeCrAl alloys with <18 wt% Cr and <3 wt% Al display similar 
oxidation kinetics, i.e. approximately parabolic behaviour with corro-
sion rates in the range of oxidation of pure Fe/low-alloyed steels in dry 
O2 [8,31]. However, the FeCrAl alloys with ≥ 18 wt% Cr and 3 wt% Al 
displays significantly reduced growth rates, transitioning into a 
sub-parabolic behaviour at an early stage of the oxidation process. Even 
though the alloys display large differences within the secondary corro-
sion regime all alloys have formed a similar type of Fe-rich multi-layered 
oxide scale, see Figs. 2,4 and 6. This type of oxide scale microstructure, 
consisting of outward-growing Fe-oxide and inward-growing Fe, Cr, 
(Al)-oxide, is in agreement with previous observations [8–15]. The 
microstructure has been explained by different diffusivities of the 
alloying elements in the spinel phase [32]. Apart from the oxide scale 
thickness (i.e. growth rate), the microstructural investigation reveals 
two important microstructural differences between the fast-growing and 
the slow-growing oxide scales. Firstly, the alloys forming slow-growing 
oxide scales display higher Cr-enrichment in the lower part of the 
inward-growing oxide scale and a Cr-depletion zone underneath the 
oxide. Secondly, the alloys forming fast-growing oxide scales (except 
Fe2.25Cr) have an inward-growing scale consisting of alternating 
porous and dense bands and have in addition suffered from internal 
oxidation in which Cr-rich spinel precipitates are surrounded by 
Cr-depleted metal as predicted by the equilibrium calculations (see 
Fig. 8) [11]. 
4.1. The formation of a healing layer 
The concentrations of Cr and Al are observed to be higher in the 
inward-growing oxide scale than in the alloy for all the investigated 
model alloys. This is attributed to the rapid outward diffusion of Fe 
(compared to Cr and Al) from the inward-growing scale [32]. However, 
the inward-growing part of the slow-growing oxide scales showed 
significantly higher levels of Cr than the fast-growing oxide scales and 
0.5-1 μm deep depletion zones (Cr) can be observed in the metal un-
derneath the slow-growing oxide scales (see Figs. 4 and 6). The deple-
tion zones imply that the alloy below the corrosion front have supplied 
the Cr-rich scales with Cr. Using diffusivity data from binary Fe–Cr al-
loys [33], measured at higher temperatures and extrapolated to 600 ◦C 
Fig. 8. Phase diagrams for the FeCr(Al) system at 600 ◦C calculated with Thermo-Calc. b) is a magnified FeCr diagram indicated by the dashed rectangle in a). c) and 
d) corresponds to the phase diagrams at fixed Al concentrations of 6 and 15 at%, respectively. The vertical dashed lines in b), c) and d) indicate the maximum Cr- 
content at which the two-phase region, BCCFe+SCr, is stable. 
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by Young et al. [34] (DCr of 10− 14.5 cm2 s− 1), a depletion zone of about 
40 nm could be expected after 1 hour of exposure at 600 ◦C. Jonsson 
et al. [9] experimentally found that the depletion zone for an Fe10Cr 
model alloy was about 80 nm after 1 hour of exposure at 600 ◦C, i.e. 
slightly higher than the estimated value. Nevertheless, the much deeper 
depletion zones (0.5-1 μm) found in the present study indicates that the 
depletion started at an early stage of the exposure and not during the 
final hours. The TGA data shows that the slow-growing sub-parabolic 
kinetics started already after about 1-4 hours. Thus, the high 
Cr-enrichment may be connected to the early transition into 
sub-parabolic protective behaviour and the continuous supply of Cr 
from the alloy to the oxide scale. It may be noted that no depletion zones 
of Al were observed beneath the protective secondary scales. The Al 
seems to play a more passive role in the secondary protection. 
Previous research often attributes these types of kinetic transitions to 
the formation of a healing layer [12,13,35–38]. For chromia-forming 
steels, Cr-enrichment close to the oxide/metal interface is generally 
interpreted as the formation of a Cr-rich corundum type (Fex, Cr1-x)2O3 
healing layer. After 48 hours of exposure, both Fe18Cr3Al and Fe25C-
r3Al display compositions in the inward-growing oxide scale (more than 
70 cationic% Al + Cr), which would suggest that they are of corundum 
type, and not of spinel type. This is because the structure of the spinel 
oxide ((M2+M3+2 )O4), in which the divalent ions mainly occupy the 
tetrahedral sites and the trivalent ions mainly occupy the octahedral 
sites, limits the maximum amount of di- and trivalent ions (max 33.3 at 
% divalent and 67.7 at% trivalent). The oxidation state of Fe is known to 
be either divalent or trivalent while Cr and Al are more restricted to be 
trivalent [39]. Additionally, even though Cr is able to be divalent, Liang 
et al. experimentally investigated the valency and site position in 
magnetite with incorporation of varying amounts of Cr [40]. Their study 
strongly indicated that Cr was present in the trivalent state and posi-
tioned mainly in the octahedral sites. Thus, the fact that the cationic 
concentration of Cr + Al exceeds 67 cat% in the inward-growing oxide 
scale for both alloys indicate the presence of a corundum type oxide. 
However, the thickness of the Cr-rich layers observed on Fe18Cr3Al and 
Fe25Cr3Al in this study does not follow a predicted thickness of a 
diffusion-controlled growth of a Cr-rich corundum phase such as Cr2O3 
as reported e.g. by Hallström et al. [41]. In addition, the diffraction 
pattern in Fig. 5d strongly suggests the presence of spinel in the 
inward-growing oxide scale formed on the Fe18Cr3Al alloy. Thus, the 
high amounts of Cr and Al (Cr + Al = 80 at%>>67.7 at%) observed in 
the inward-growing oxide scale of Fe18Cr3Al suggests either of the 
following:  
a) There are local phase variations in the inward-growing scale that are 
not distinguished by the TEM analysis in this study.  
b) That the oxide scale has a spinel type crystal structure in which Cr3+
ions occupy tetrahedral sites or have been reduced to Cr2+ ions. 
The diffraction pattern shown in Fig. 7c suggests that the inward- 
growing oxide scale of Fe25CrAl has a corundum structure. This 
possibly indicates that the Cr-rich spinel observed on the Fe18Cr3Al may 
be meta-stable under the exposure conditions in the present study and 
that a phase transformation may occur after longer exposure times. A 
similar phase transformation, from a Cr-rich spinel to a corundum type 
oxide was observed by Col et al. with Raman-mapping on a 304 L sample 
after oxidation in dry O2 at 850 ◦C for 312 hours [38]. The suggested 
phase transformation is in agreement with the thermodynamic calcu-
lations (see Fig. 8c-d) showing that the highly Cr-enriched inward--
growing scale of both Fe18Cr3Al and Fe25Cr3Al (which seemingly have 
not suffered from internal oxidation) should be within the two- or 
three-phase regions (SCr+CAl+CCr and CAl+CCr) in which spinel is in 
equilibrium with corundum. Accordingly, the inward-growing oxide 
scale of Fe25Cr3Al is expected to more rapidly transform into a 
corundum-type oxide due to a higher Cr-content. Thus, a higher Cr 
content facilitates the formation of a healing layer. 
4.2. The role of the internal oxidation 
The formation of an internal oxidation zone, as observed at the scale/ 
metal interface below the fast-growing oxide scales (see Fig. 2a), may be 
explained by the thermodynamic calculations. The FeCr phase diagram 
shows that the two-phase region BCCFe+SCr (corresponding to a specific 
type of internal oxidation zone) is stable below the spinel, see Fig. 8. The 
absence of an internal oxidation zone for Fe2.25Cr may be explained by 
the low Cr-content giving very slow kinetics to form Cr-rich spinel 
precipitates (see Fig. 8a). In addition, the alloys suffering from internal 
oxidation exhibit a specific microstructural feature in the inward- 
growing spinel, i.e. dense and porous bands/regions that alternate in a 
periodic manner and with a reducing frequency closer to the metal/ 
oxide interface. The banded structure is believed to be remnants from 
the internal oxidation zone. Jonsson et al. [9] suggested that the Fe-rich 
metal left in the internal oxidation zone rapidly oxidize, leaving pores 
behind, which is in good agreement with the porous bands observed in 
this study. The periodicity of the banded structure has not been previ-
ously explained and is not fully understood. However, considering that 
the porous bands may enable faster transport of oxygen through the 
oxide scale, the underlying metal could be exposed to new conditions, i. 
e. a higher oxygen partial pressure. Assuming a higher pO2, outside the 
stability region for the internal oxidation (of type BCCFe+SCr), this 
would result in the formation of a dense spinel oxide (e.g. SCr), 
explaining the dense bands in the inward-growing scale. If a dense spinel 
is formed, the oxygen partial pressure would again be reduced, resulting 
in internal oxidation if crossing the threshold of the stability region for 
the two-phase region BCCFe+SCr. As the total oxide thickness increases, 
each cycle is expected to take longer time which would result in thicker 
periodic bands closer to the metal/oxide interface. This is in good 
agreement with the experimental results in this study, see Figs. 2 and 8a. 
Thus, assuming that this process would continue, the internal oxidation 
would result in a continued loop of rapid oxidation of mainly Fe (Fe-rich 
metal in the internal oxidation zone), which would also explain why all 
alloys that have exhibits internal oxidation display similar oxidation 
kinetics as low-alloyed steels. Thus, the key behind the protective or 
non-protective behaviour in the secondary corrosion regime may be 
whether or not an alloy suffers from internal oxidation. 
4.3. The synergistic effects of Cr and Al 
The influence of Cr and Al on the transition from fast- to slow- 
growing oxide scales in this study is apparent. However, the underly-
ing mechanism has proven to be rather complex. At first glance, the 
influence of Cr seems to differ between the FeCr and FeCrAl systems. 
This is illustrated by comparing Fe10Cr(3Al) and Fe18Cr(3Al), where 
the FeCr system displays no effect of Cr content, whereas the FeCrAl 
system transitioned from fast- to slow-growing behaviour. The mecha-
nism behind this effect may be enlightened by the phase diagrams in 
Fig. 8. The diagrams reveal several important differences upon adding Al 
to the FeCrO system. Firstly, the internal oxidation zone (BCCFe+SCr) is 
stable at higher Cr-content for FeCr alloys than for FeCrAl alloys, i.e. less 
Cr is needed in order to move out of the internal oxidation mode. This 
region is in addition continuously shifted to the left in the phase diagram 
with increasing Al concentration, i.e. towards a lower Cr-content. Sec-
ondly, the transition into the phase regions at which a spinel is in 
equilibrium with corundum type oxide occurs at a lower Cr-content with 
higher Al concentration. Thus, the influence of Al observed in FeCrAl 
alloys exposed in corrosive environments (secondary corrosion regime) 
is suggested to primarily be the reduced concentration of Cr necessary to 
prevent internal oxidation. SEM-EDX and STEM-EDX showed that all 
alloys containing 3 wt% Al (Fe5Cr3Al, Fe10Cr3Al, Fe18Cr3Al and 
Fe25Cr3Al) display roughly 15 cationic% Al in the inward-growing 
oxide scale. The phase diagrams (see Fig. 8d) indicate that when the 
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system contains 15 at% Al the internal oxidation zone (BCCFe+SCr) is 
stable up to about 32 cationic% Cr (while the three-phase type of in-
ternal oxidation, BCCFe+SCr+CAl, is stable up to 43 cationic% Cr, but at a 
lower pO2). This is in contrast to the FeCr system (see Fig. 8a) in which 
the internal oxidation zone is stable at up to 67 cationic% Cr. Persdotter 
et al. [24] showed that the Fe18Cr alloy display a Cr content of about 43 
cationic% in the inward-growing spinel after 48 hours of exposure in dry 
O2 in the presence of K2CO3. Thus, it would still be within the stability 
range of the internal oxidation zone. Both Fe18Cr and Fe18Cr1Al display 
similar Cr-content in the inward-growing spinel indicating that the same 
may apply for Fe18Cr3Al alloy at an early stage of the oxidation process. 
However, with a higher Al content the phase diagram indicates that the 
Fe18Cr3Al alloy may be outside of the stability range of internal 
oxidation at this Cr content. This is in agreement with the microstruc-
tural analysis, which shows that none of the alloys forming 
slow-growing oxides within the secondary corrosion regime (Fe18Cr3Al 
and Fe25Cr3Al) display neither formation of an internal oxidation zone 
nor periodic bands of dense and porous oxide. Note that the phase di-
agrams should not be considered exact predictions of the phases formed 
during the relatively short exposures (not in equilibrium) but rather 
indications of the involved driving forces and directions towards which 
the oxidation process may proceed. 
4.4. Summary 
The microstructural analysis and thermodynamic calculations sug-
gest that the two different oxidation kinetics within the secondary 
corrosion regime may be explained by the ability of an alloy to rapidly 
form a protective spinel and/or a corundum type healing layer at the 
metal/oxide interface. One of the most important criteria for the for-
mation of a healing layer is that it has to form faster than the Fe-rich 
oxide scale grows. Alloys that form an internal oxidation zone do not 
fulfil this condition since the internal oxidation results in rapid oxida-
tion. Thus, the ability of an alloy to form a healing layer after tran-
sitioning into the secondary corrosion regime may rely on its ability to 
prevent internal oxidation from occurring. This is facilitated for alloys 
with high Cr content and increasingly so upon increasing the concen-
tration of Al in the system due to a reduced range of Cr content at which 
the internal oxidation zone is stable. 
5. Conclusions 
All FeCr(Al) alloys included in this study clearly show a rapid tran-
sition into breakaway oxidation and the secondary corrosion regime. 
Two different oxidation behaviours were observed within the secondary 
corrosion regime: the formation of fast- or slow-growing oxide scales. 
The fast-growing oxide scales that formed in the secondary corrosion 
regime are suggested to be a result of a continuous loop of rapid internal 
oxidation, resulting in a porous inward-growing oxide scale with 
oxidation kinetics in the same range as oxidation of iron. The protective 
behaviour of the slow-growing oxide scales may be explained by the 
ability of an alloy to prevent internal oxidation, thereby enabling the 
formation of a corundum-type healing layer. The microstructural 
investigation and the thermodynamic calculations suggest that an 
increasing Cr content enables the alloy to prevent internal oxidation, 
whereas the influence of Al is suggested to be primarily to shift the range 
of the stability region of internal oxidation, reducing the Cr-content 
necessary to inhibit the formation of an internal oxidation zone. 
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